By applying different classical and fast protein liquid chromatographic techniques, three xylanases (13-1,4-Dxylan xylanhydrolase) were purified to homogeneity from the extracellular enzymatic complex of Bacilus polymyxa. The three enzymes (X34C, X34E, and X22) were small proteins of34, 34, and 22 kDa and basic pIs 9.3, >9.3, and 9.0, respectively. X34C and X34E are closely related and seem to be isoforms of the same enzyme.
Plant cell walls, the major reservoir of fixed carbon in nature, have three main polymeric constituents: cellulose (insoluble fibers of 3-1,4-glucan), hemicellulose (noncellulosic polysaccharides including glucans, arabinans, mannans, and xylans), and lignins (with a complex polyphenolic structure). P-(1,4)-Xylans are heterogeneous polysaccharides found in cell walls of all land plants and in almost all plant parts. They represent the major hemicellulose in the primary walls of monocots and account for a substantial percentage of the total dry weight of wood: 15 to 30% in angiosperms and 7 to 12% in gymnosperms (21) . The hydrolysis of xylan backbone involves ,B-(1,4)-xylanases (1,4-P-D-xylan xylanhydrolase, EC 3.2.1.8) and P-xylosidases (1,4-p-D-xylan xylohydrolase, EC 3.2.1.37). The diverse substituents detected in xylose chains are cleaved off by different enzymes (3) .
Many organisms show hemicellulase activities, and one species can produce more than one enzyme (3, 21) . Among bacteria, Bacillaceae are more extensively used than other bacteria in industrial fermentations, since they excrete most of their enzymes (2) . Several Bacillus spp. are known to produce xylanases and ,B-xylosidases, but rather scarce attention has been paid to Bacillus polymyxa. Sandhu and Kennedy have reported on the molecular cloning of two B.
polymyxa genes coding for a xylanase (16) and a ,B-xylosidase (17) , but nothing is known about the exact nature of these enzymes. Yang et al. (22) , besides cloning and expressing a gene coding for a xylanase from this microorganism, have identified its expression product: a polypeptide of 48 kDa, and a pI of 4.9. These authors also report the presence of a low-molecular-weight and basic pI active xylanase in extracellular fluid from B. polymyxa cultures. This seems to be the commonest xylanase among Bacillus species (21) . Recently, the cloning and sequencing of an enzyme from B.
polymyxa showing xylanase and arabinofuranosidase activities has also been reported (8) . This enzyme exhibits two * Corresponding author.
peptide forms of 53 and 64 kDa in Escherichia coli and Bacillus subtilis clones expressing the activity. Nevertheless, the proper characterization of all these xylanases as well as that of the rest of individual xylanases from B. polymyxa is still to be done. A first step in this direction was the work of Pifiaga et al. (14) dealing with the isolation and characterization of its crude xylanolytic complex.
The present work reports the purification and characterization of three xylanases from B. polymyxa: two novel, closely related alkaline enzymes of 34 kDa and a pI of >9.3, and a highly active enzyme of 22 kDa and a pl of 9.0, corresponding to the already mentioned Bacillus species' most common xylanase type.
MATERALLS AND METHODS
Bacterial culture. B. polymyxa CECT 153 was obtained from the Spanish Type Culture Collection. For production of the extracellular xylanolytic complex, B. polymyxa was grown at 30°C in the Bacillus medium described by Robson and Chambliss (15) . Whole medium (10 liters), adjusted to pH 7.2 with 0.5 N NaOH and containing 1% xylan (oat spelts [Sigma]) as a carbon source, was sterilized at 120°C for 30 min, cooled down to 35°C, and inoculated by adding 250 ml of the bacterium culture in late logarithmic growth phase. Fermentation was carried out in a 14-liter fermentor (Chemap AG) under gentle aeration (500 ml min-' liter-') and agitation (250 rpm). After 72 h, fermentation was discontinued to obtain the cell-free broth.
Separation and concentration of culture liquid. The culture (10 liters) was microfiltered through a Pellicon Cassette Unit (Millipore) to obtain the culture broth. This extract was then concentrated 20-fold (final volume, 450 ml) and dialyzed through the same unit provided with 10-kDa-molecularweight-cutoff membranes. This concentrate was used as the enzyme source to carry out the purification of enzymes reported in the study.
Purification of xylanases X34C and X34E. Concentrate (225 ml) obtained as described above was dialyzed against 20 mM Tris-HCl buffer (pH 8.0) and fed into a DEAE-Biogel A column (25 by 4.7 cm) previously equilibrated with the same buffer. Elution was carried out at a flow rate of 150 ml h-1 with equilibration buffer for the first 850 ml and then a linear gradient from 0 to 0.72 M NaCl in the same buffer for the rest of the run. Gel filtration was performed on a Sephadex G-100 superfine column (100 by 3.1 cm). The column was equilibrated and eluted with water containing 0.1 M NaCl. DEAEBiogel A nonadsorbed proteins (400 mg) were desalted, lyophilized, dissolved in 20 ml of water containing 0.1 M NaCl, and then fed into the column. Linear flow rate was 9 ml h-1, and fractions were collected every 60 min. Fractions corresponding to the major peak and showing xylanase activity were pooled and rechromatographed through the same gel, with the same buffer but a smaller column (87 by 1.6 cm). In this case linear flow rate was 3.2 ml h-1, and collected fraction volume was 3.3 ml. (18) and contained either 12 or 15% acrylamide. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed as described previously (10) . Isoelectric focusing (IEF) was carried out on precast gels in the pH range from 3.5 to 9.3 (Pharmacia-LKB) by following the instructions of the manufacturer.
In order to detect xylanase activities, the customary PAGE of the samples investigated was simultaneously carried out on similar polyacrylamide gels, but water was replaced by 0.1% oat spelts xylan in water. Immediately after electrophoresis (3 to 4 h at 16 to 20 mA), SDS was removed by soaking the gel in 2.5% Triton X-100 for 30 min. The gel was then incubated in 50 mM succinate buffer (pH 5.4) at 40°C for 30 min, transferred into a staining solution containing 0.1% Congo red for 30 min, and destained with 1 M NaCl until bands of xylanase activity became visible. When xylanases of 34 kDa were to be detected, gels were incubated for 24 h at 37°C. For zymogram analysis of xylanase activity, IEF gels were sandwiched to 1% agarose detection gels which contained 0.1% oat spelts xylan in 50 mM succinate buffer (pH 5.4).
Enzyme assays. Xylanase activity was measured by mixing a volume of an appropriate dilution of the enzyme with a suspension of xylan (7 mg ml-' final concentration) in 25 mM phosphate buffer (pH 6.5) for xylanases X34C and X22 and 100 mM sodium succinate buffer (pH 5.4) for xylanase X34E. The mixture was incubated for 20 min at 45°C for xylanase X34C, 10 min at 50°C for xylanase X34E, and 10 min at 55°C for xylanase X22. The reducing sugars formed were measured, as xylose equivalents, by the Somogyi method (19) . Blanks were prepared by incubating enzyme and substrate solutions separately. All assays were performed in duplicate. One unit of activity was defined as the amount of enzyme releasing 1 ,umol of reducing sugar equivalent per min. In some cases remazol brillant blue xylan was used as substrate at a final concentration of 22 mg ml-1 in buffer (25 mM phosphate). Ethanol up to 1 ml was added to 330 ,u of reaction mixtures after 15 min of incubation at optimal temperature, and precipitated xylan was removed by centrifugation (12,200 x g) in a microcentrifuge. The release of the dye was measured at 590 nm. 3-Xylosidase activity on p-nitrophenyl-I3-D-xylopyranoside (PNPX) or 4-methylumbelliferyl-3-D-xyloside (MUX) and ct-L-arabinofuranosidase activity on p-nitrophenyl-aL-L-arabinofuranoside (PNPAf) or 4-methylumbelliferyl-a-L-arabinopyranoside (MUAp) were determined as previously described (11) . The final concentration of these substrates in reaction mixtures was 2.6 mM.
Measurement of enzyme properties. The thermostability of xylanase activity was monitored by incubating the enzyme at a fixed temperature and removing aliquots at intervals to test the activity. The effect of temperature on the reaction was assessed by incubating the reaction mixtures at different temperatures in the range from 20 to 70°C. For the corresponding pH effect study, the universal buffer (boric acidcitric acid-sodium dihydrogen phosphate) described by Stauffer (20) (14) . Following the conclusions of that report, the crude extracellular enzyme complex of B. polymyxa was isolated as described in Materials and Methods. Shortincubation-time zymograms developed in SDS-polyacrylamide gels containing xylan showed activities at 22, 48, 60 to 66, 120, and sometimes also at 220 to 240 kDa (14) , while long-incubation-time zymograms (see Materials and Methods) revealed other xylanase activities at 34 kDa. As far as the association of pl and xylanolytic activities is concerned, overlay developed zymograms on IEF gels showed that xylanolytic activities were distributed into two main regions: the alkaline one (pI = 8.5 to 10) and the acidic one (pl = 4.0 to 5.0) (results not shown). Moreover, a weak band of xylanolytic activity was visible at a pl of 6.2.
Purification of xylanases X34C and X34E. In order to perform a first separation of acidic and alkaline xylanases, the enzyme complex was subjected to DEAE-Biogel A chromatography. Two peaks corresponding respectively to the alkaline nonadsorbed proteins (peak I) and to the acidic adsorbed proteins (peak II) were obtained. IEF gels showed that while peak I consists only of alkaline proteins, peak II is completely deprived of them. In zymogram analysis, strong xylanase activities were present at 22 kDa in peak I and at 60 to 66 kDa in peak II. Moreover, peak I appeared to be very rich in a 34-kDa polypeptide exhibiting xylanase activity in long-time zymogram assays (results not shown).
Xylanases X34C and X34E were purified to homogeneity from the protein pool of peak I by sequential size exclusion and then by ion-exchange FPLC. The basic proteins from peak I were fed to a Sephadex G-100 superfine column. A major protein peak containing the main part of the xylanolytic activity was obtained. The presence of some minor peaks was substantially reduced by rechromatography through Sephadex G-100 representative fractions of the major peak. As a last purification step, the 34-kDa enriched protein fractions were subjected to FPLC through a Mono S column. Surprisingly, up to five different components (corresponding to the peaks named A, B, C, D, and E) were detected. Active fractions corresponding to peak E were pooled and rechromatographed, giving only a peak on the chromatogram. Thus, this pooled fraction could be considered to contain a pure protein and was called X34E. Active fractions corresponding to peak C were also pooled and rechromatographed under different elution conditions (see Materials and Methods). In this way the xylanase, named X34C, was successfully separated from other minor protein contaminants. Pooled fractions from peaks C and E gave single bands on SDS-PAGE (Fig. 1A) , supporting the homogeneity of both proteins. By this purification procedure the specific activity of fractions containing the purified enzymes was increased only 2-fold for X34C activity and 12-fold for X34E activity with respect to the crude concentrate. This could be due to the existence of many xylan-reducing sugarreleasing activities in the crude concentrate and/or lowspecific-activity values of the purified xylanases in contrast to other activities. The recovery of activity was also very low (less than 1%) in both cases, mainly because in all the purification steps only a few active fractions were pooled in order to minimize contaminations with minor proteins.
Purification of xylanase X22. Xylanase X22 was purified by sequential ion-exchange and size exclusion chromatography and then by ion-exchange FPLC. CM-Biogel A chromatography with 20 mM MES buffer (pH 6.0) as an eluent allowed the separation of acidic proteins (in the column void volume) from basic ones (adsorbed to the resin). Zymogram analysis showed the presence of xylanase activity at 22 kDa in the adsorbed and NaCl-eluted protein fractions. Gel filtration chromatography of these fractions allowed the separation of two main xylanase activity peaks. The second main peak with apparently no protein, but containing the xylanase X22 as confirmed by zymogram analysis, was subjected to a first step of cation-exchange FPLC. Rechromatography of a peak exhibiting high xylanase activity gave a single symmetric peak which, when analyzed by SDS-PAGE, showed a band of about 22 kDa (Fig. 1B) . IEF gels showed an unique band with a pl of 9 (results not shown). The specific activity of pooled fractions containing the enzyme was increased fourfold over that of the crude concentrate, and the recovery of activity was about 1% (values similar to those calculated for the other two enzymes).
Characterization of xylanases X34C, X34E, and X22. The molecular masses of xylanases X34C, X34E, and X22 as deduced by SDS-PAGE were 34, 34, and 22 kDa, respectively. These three xylanases were alkaline with pIs of greater than 9. The pl of xylanase X34C was 9.3 as deduced by IEF gels. The pl of the pure X34E xylanase could not be accurately measured because its value (pI > 9.3) was very near to the alkaline end of the current precast electrofocusing gels. The pI of X22 xylanase was 9.
The effect of temperature on the activity of the xylanases (Fig. 2) was studied as described in Materials and Methods. Xylanase X34C has a temperature optimum of 45°C. The assays of thermostability showed that this enzyme lost 70% of its activity after 30 min at 55°C and the rest in 2 h of incubation at this temperature. After 15 h at 45°C, the enzyme retained 60% of the activity. The activity of the X34E enzyme reached a maximum in the temperature range from 50 to 62°C. This xylanase retained its activity without any significant decrease during 15 h at 50°C and only lost 12% of activity after 4 h at 55°C. The temperature optimum for xylanase X22 was 55°C. After 30 min of incubation at 55°C, the enzyme lost 60% of its activity, and after 4 h of incubation, it retained less than 10% of activity. The enzyme was more stable at 45°C, and it retained 50% activity after 2 h of incubation at this temperature. The effect of pH on X34C, X34E, and X22 activity is shown in Fig. 3 . Xylanase X34C exhibited an activity maximum in the pH range from 6.0 to 7.0 at 45°C. For xylanase X34E at a temperature of 50°C, the activity maximum was found in the 4.0 to 6.0 pH range. Xylanase X22 showed an activity optimum in the pH range from 6.0 to 7.0 at 550C.
The data of the effect of substrate concentration (xylan) on the activity of xylanases X34C, X34E, and X22 were plotted according to the Lineweaver-Burk and Hanes-Woolf plots. Michaelis-Menten parameters derived from both the above plots were fairly coincident. show effect on activity, and xylobiose only produced a decrease of about 20% in the activity at concentrations higher than 0.5 mg ml-'.
Substrate specificity. The activities of purified xylanases on several substrates were tested. When polysaccharides were used, the activity was determined by the release of reducing sugars. The synthetic substrates p-nitrophenyl and 4-methylumbelliferyl derivatives were assayed as described in Materials and Methods. Table 2 summarizes the results obtained.
Hydrolysis of different xylans and xylooligosaccharides by xylanases X34C, X34E, and X22. Products from the hydrolysis of xylans from different sources by these xylanases were analyzed by HPLC (Fig. 4) . The patterns of hydrolysis products of xylanases X34C and X34E on oat spelts, sparto grass, and wheat flour xylans were very similar, and patterns of hydrolysis products on birchwood xylan and 4-0-methyl-D-glucurono-D-xylan were different. Small quantities of xylose and xylose oligosaccharides were released from acetylated oat spelts xylan by those enzymes. The major products of hydrolysis of birchwood and 4-methyl-D-glucurono-Dxylans were xylose and xylobiose, but a small xylotriose peak is detected. The major products of hydrolysis of the other nonacetylated xylans were also xylose and xylobiose, but the release of larger xylose oligosaccharides was proportionally higher. However, there was a small peak with a retention time between that of xylose and xylobiose only in case of substrates degraded by xylanase X34C. The profiles of xylan hydrolysis products by xylanase X22 were very similar with all kind of xylans used. The major product was xylotriose and higher xylooligomers. Small quantities of xylobiose but no xylose was released from xylans.
Xylan hydrolysis experiments in which two enzymes were included in the reaction mixtures were also performed. The pattern of hydrolysis products when X34E and X22 enzymes were combined was similar to that obtained with X34E enzyme alone for oat spelts and birchwood xylans (the only two substrates tested), but the release of xylose and xylobiose was markedly much higher (results not shown). The effect of both enzymes in xylan degradation was additive, and no synergy was detected in activity of the enzymes measured as release of reducing sugars in short-time (up to 30 min) reaction experiments.
The products of hydrolysis of xylooligosaccharides were also analyzed by HPLC (results not shown). Xylanase X34E had no activity on xylobiose but partially hydrolyzed xylotriose (about 30% of the substrate in 20 h of incubation of reaction mixtures) to xylobiose and xylose, and it was able to degrade almost all the xylotetraose to xylotriose, xylobiose, and xylose. The proportion of xylose plus xylotriose liberated from xylotetraose was slightly lower than that of xylobiose. Xylanase X34C showed a very similar xylooligosaccharide hydrolysis profile, but as could be seen for xylan hydrolysis patterns (Fig. 4) (2, 6, 12, 13) . This enzyme has also been purified to homogeneity and characterized. The specific activity values of these enzymes are similar to those found for xylanase activities in other bacteria (1, 9, 11, 13) .
Xylanases X34C and X34E are two closely related enzymes. Protease digestion of both proteins with trypsin and protease V8 from Staphylococcus aureus gave peptide maps identical for both xylanases (results not shown). Both proteins also had the same molecular mass but different pIs, as observed by IEF analysis and ion-exchange FPLC. They seem to be isoforms of the same enzyme and could be encoded by two distinct, but closely related, genes or by a unique gene. If both proteins were expressed by one gene, one of them could be a product of proteolytic digestion of the other or both proteins could be the result of differential processing of the same precursor. In any case, the length of the peptide chain should not vary greatly, as the electrophoretic mobility of tryptic peptides and proteins in SDS-PAGE was the same for both enzymes. Multiple xylanase or cellulase activities with some differential characteristics as a result of proteolytic digestion could permit the microorganism to adapt to environmental conditions or the ability to degrade different substrates (21) .
Xylose is, together with xylobiose, a major product of the hydrolysis of xylans from different sources by xylanases X34C and X34E. The release of xylose has also been reported for xylanases from several microorganisms (21) . Usually these enzymes do not hydrolyze xylobiose, or they show no activity on PNPX or MUX. Although both xylanases X34C and X34E are unable to hydrolyze xylobiose, they exhibit a low activity on MUX and/or PNPX. Similar substrate profile has been reported for an endoxylanase from Ruminococcus flavefaciens 17 (7). Xylose was not an end product of xylan hydrolysis by xylanase X22. The behavior of this enzyme on the different xylans used as substrates resembles that of typical endoxylanases.
When the endo-type xylanase X22 is combined with xylanase X34E for xylan hydrolysis, xylose and xylobiose are released in high quantities. The X34E enzyme seems to have an exo-type mode of action, and the action of the extremely active enzyme X22 could liberate xylooligomers increasing in this way the concentration of potential substrates of X34E enzyme. The hydrolysis of xylooligosaccharides by xylanase X34E confirms the exo-type mode of action of this enzyme. It is able to degrade almost completely xylotetraose and xylotriose with release of xylobiose and xylose, whereas X22 enzyme does not seem to act on these short xylooligomers. Arabinose was not detected among the hydrolysis products of enzymes X34C, X34E, and X22 on the different xylans used as substrates; therefore, they were most probably nondebranching endoxylanases (5) .
From the substrate specificity and xylan hydrolysis product profiles of the xylanases studied here, it could be concluded that these enzymes are able to cleave mainly the ,B-(1,4)xylosidic linkage but not other glycosidic linkages, although X34C and X34E showed a low activity on carboxymethyl-cellulose and/or barley P-glucan. The presence of substituents in the xylan backbone clearly affects the activity of the enzymes measured by the release of reducing sugars.
In the case of highly acetylated oat spelts xylan, this effect is maximum. The nature and number of the substituents should be important in the access of the enzymes to the 3-(1,4)xylosidic linkages. The release of xylooligomers higher than xylobiose from arabinoxylans (from oat spelts, wheat flour, and sparto grass) indicates that the enzymes could not be able to cleave close to the arabinofuranosil substitutions, and it could be that some of the hydrolysis products are substituted xylooligomers.
